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S
elf-heating tests on sawdust in ovens, using baskets of various shapes as sample
containers, are reported and times to ignition measured according to a de® nition of such
times different from that conventionally used. Findings are also discussed semi-
quantitatively in terms of the measured kinetic parameters. The possibility of reactivity loss by
prior exposure to air is looked into directly.
Keywords: thermal ignition; ignition times; storage; cellulosic materials.
INTRODUCTION
A previous paper in this series1 described oven heating tests
on sawdust with emphasis on two points: the simulation of
the class A geometries in Frank-Kamenetskii (F-K) theory
and cylindrical test geometries which can be scaled up to
represent storage of susceptible materials in silos. In this
paper the previous results, supplemented by further results,
are appraised in terms of:
(i) times to ignition; and
(ii) variations of reactivity within a bulk sample of the
material.
These will be discussed separately in this and subsequent
sections of the paper.
Times to Ignition
Measurement of ignition time ® rst requires a formal
de® nition. The most logical de® nition of the ignition time ti
is:
ti = time taken for a marginally supercritical
trajectory to rise from oven temperature to
DTmax (1)
where DTmax is the maximum temperature excess for
subcritical behaviour and a multiple of RT2o /E, where To is
the critical ambient temperature,R the gas constant and E the
activation energy (Jmol2 1). The previouswork1 used several
different geometries, and the value of DTmax is different for
each and is calculable. Table 1 summarizes the geometries
used and examines themmore fully in terms of ignition times.
The harmonic mean radius of each geometry was
presented previously and the importance of this to ignition
times is discussed subsequently. Two of the shapes used
previously have not been analysed for ignition times: the
in® nite slab and the ® nite cylinder of length/diameter ratio
5.4. In the former, precise thermocouple positioning at the
sample centre was dif® cult because the sample was very
thin; therefore the recorder traces were thought not to be
suitable for measurement of ignition times. In the latter it
was found on retrospective examination of the temperature
trace of interest that the `feed’ facility on the recorder had
been utilized, to clear chart paper from the previous
experiment for removal, during the period whilst the
sample was approaching oven temperature. Therefore it
was not possible to make a measurement of ti. However, the
previous tests were supplemented by two further series of
experiments, one on a 6 cm cube and repeat tests on a 10 cm
cube. Oven heating tests with these were carried out in the
way described previously1.
The expressions for DTmax for cube, sphere and in® nite
cylinder are taken from Gray et al.2. That for the ® nite
cylinder was calculated from the shape factor jÐ previously
calculated for this shape1Ð using the equation given by
Gray et al.2. The interested reader can easily con® rm the
value of the coef® cient of RT2o /E. Times to ignition were
therefore measured at the lowest supercritical temperature
used in bracketing (To)crit, this being consistent with
`marginally supercritical’ in the above de® nition of ti, and
their dependence on sample sizeÐ expressed as the
harmonic mean radiusÐ examined for conformity to the
`R-squared law’ , previously discussed by Bowes for cubic
samples only3:
time to ignition a sample size2.0
Reactivity Variations Within a Bulk Sample
The approach taken was to repeat experiments with the
10 cm basket at a particular density several times and to test
the reproducibility of the critical condition, expressible in
terms of the critical ambient temperature (To)crit. Also, for
every oven heating test across a range of oven temperatures
the quantity [dT/dt]oÐ the rate of temperature rise at the
centre of the sample at the time when oven temperature is
reached after the initial heat-upÐ was determined. As
shown previously4, this quantity is a direct measure of the
rate of reaction and is easily converted to a heat-release rate.
This is because at this stage of a test there is no heat transfer
in either direction between sample and oven, therefore the
temperature history can be interpreted purely in terms of the
reaction between the sample material and atmospheric
oxygen. Baskets other than the 10 cm cube one were also
used in this part of the investigation.
The activation energy for the reaction between sawdust
and oxygen was given previously1 as 100kJmol2 1. In
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Appendix 1 of this paper the pre-exponential factor A is
calculated as 1.6 ´ 105 s 2 1.
RESULTS AND DISCUSSION
Times to Ignition
Table 2 gives the results from all of the tests. The ignition
time, as de® ned above, was in each case measured directly
from the recorder trace.
In Figure 1 the results are plotted in the form ln ti against
ln Ro, i.e., the quantities in respectively the eighth and third
columns of the table. This was to test the relationship:
ti = constant ´ R
l
o (2)
and to determine the value of the exponent l. The plot is
seen to be linear and the slope is measured as 2.3. This
broadly con® rms the R-squared law. However, the de® nition
of ignition time herein is somewhat different from that used
in a previous discussion of this law3, in which one of two
arbitrary de® nitions was used: the time taken for there to be
a point of in¯ ection in the temperature trajectory, or the time
taken for a temperature excess of 2RT2o /E to be attained. On
this basis and with cubic geometries only, Bowes obtained a
plot equivalent to Figure 2 with a slope slightly greater than
2.0. The results herein are not only fully consistent with this
but have the added features of a non-arbitrary ignition time
and inclusion of different shapes with the dimension
equated in each case to the harmonic mean radius.
The constant in equation (2) is easily evaluated by
insertion of the centre of gravity of the data points,
whereupon it becomes:
ti/min = (5 ´ 10
4)(Ro/m)
2.3 (3)
It follows from this that at whatever ambient temperature
it becomes supercritical an assembly with Ro = 1m requires
5 ´ 104 minutesÐ about a monthÐ for ignition to develop
according to the criterion used here, and even then the self-
heating would, at that stage, be only of the order of tens of K
at the centre of the assembly. The quasi stability of large
assemblies of materials actually set up under supercritical
conditions has been noted previously for sawdust and also
for coals and carbons5 and provides a margin of safety in
addition to that built into standard tests for spontaneous
combustion propensity by assuming an ambient temperature
of 50°C for the storage/transportation situation3, this usually
being a considerable overestimate.
Reactivity Variations Within a Bulk Sample
Table 3 shows multiple values of the critical condition for
the sawdust in a 10 cm basket at a density of approximately
210 kgm 2 3. These were obtained over a two-month period
from mid-October to mid-December 1997. The original
consignment of sawdust had been packed into three
unsealed plastic bags, and when a fresh bag was opened
this is noted in the table. As recorded in the ® nal row of the
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Table 1. Sample geometries used in the heating tests.
Harmonic mean
Shape radius DTmax
Cube of half-side a 1.194 a 1.886 RT2o /E
Sphere, radius a a 1.61 RT2o /E
In® nite cylinder radius a 1.225 a 1.39 RT2o /E
Finite cylinder radius a, 1.224 a 1.51 RT2o /E
length/diameter ratio 4.4
Table 2. Experimental results.
Lowest
(To)crit, supercritical
Basket Ro , m ln Ro K temperature, K DTmax ti, min ln ti
10 cm cube 0.0597 2 2.818 450 449 1.886 RT2o /E = 32K 75 4.317
15 cm cube 0.0896 2 2.413 435.5 437 1.886 RT2o /E = 30K 204 5.318
6 cm cube 0.0358 2 3.329 471.5 472 1.886 RT2o /E = 35K 18 2.890
Sphere, 10 cm diameter 0.05 2 2.996 458 458 1.61 RT2o /E = 28K 57 4.043
In® nite cylinder, 5.6 cm diameter 0.034 2 3.373 470 471 1.39 RT2o /E = 26K 24 3.178
Non-in® nite cylinder, 6.8cm diameter 0.042 2 3.179 464.5 466 1.51 RT2o /E = 27K 42 3.738
10 cm cube (repeat) 0.0597 2 2.818 455 456 1.886 RT2o /E = 32K 75 4.317
Figure 1. Plot of lnti against lnRo , data taken from Table 2.
table, one quantity of the sawdust was `challenged’ to
preoxidize and thereby lose some of its reactivity. This was
by removal from the bag, thin spreading onto two trays, and
frequent turning with a plastic scoop to enhance penetration
of air. Across the results expressed in Table 1 there is only
minor drift of the critical ambient temperature.
Turning now to the determinations of [dT/dt]o, the
relevant equation is:
q = c[dT/dt]o = QA exp[ 2 E/RTo] (4)
where:
q = rate of heat release, J kg 2 1;
To = ambient (oven) temperature;
c = heat capacity, J kg 2 1 K 2 1;
Q = heat of combustion, J kg 2 1;
A = pre-exponential factor, s 2 1.
Equation (4) neglects transfer of heat by conduction from
the outer regions of the sample to the centre. However, it has
been shown both by direct measurement2 and by an indirect
approach involving measurement of [dT/dt]o over a very
wide oven temperature range4, that at the stage where the
centre of the sample reaches oven temperature the entire
sample has quite a ¯ at temperature pro® le and is releasing
heat uniformly at a rate given by the expression of the right
of equation (4). Conduction from the part of the sample
having had time to self-heat during the attainment of oven
temperature by the central part contributes little if anything
to the heat balance situation.
A plot of ln[dT /dt]o against 10
3K/To therefore gives a line
from the slope of which E can be determined, as discussed
previously4. The pre-exponential factor A can be deter-
mined by substitution of a data point once E is known. In
taking this approach it has to be remembered that the
substrate, unlike a pure chemical compound, does not have a
perfectly uniform composition. The temperature pro® le
under suf® cient resolution would be expected to contain
slight irregularities because of such variation. Whether or
not the thermocouple tip is in a region of the pro® le affected
by composition variation is of course outside the control of
the experimentalist and this is re¯ ected in a degree of scatter
of the points when plotted according to the above equation.
In Figure 2 such a plot is presented. It takes in the
experiments with a 10 cm cube, criticality results for which
were reported previously, and also experiments with the
other basket speci® cations used in the previous work. The
sawdust was taken from the same bag in all of these
experiments. The date of each experiment is given, adjacent
to the points. It is clear that the points for October 1997 lie
on a different line from those for the following month,
suggesting that there has been either a degree of deactiva-
tion on standing or that reactivity variations within the bulk
material have been encountered. On the basis of the kinetic
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Figure 2. Plot of ln{[dT/dt]o/K h2
1} against 103K/To for sawdust in various sizes and shape of basket container. Full details of the baskets given in the earlier
paper1 .
Table 3.Criticality for sawdust in a 10 cm cube basket. Results presented in
the order in which they were obtained.
Density,
kgm 2 3 (To)crit, K Comments
211 450 6 1 Result reported previously1
208 455 6 1 Freshly opened bag of the material. Further
results for this bag of sawdust in the two
rows immediately below.
210 452.5 6 1.5
209 457 6 2
209 448.5 6 4.5 Sawdust deliberately exposed to air for a
week.
data the expected line through the points can be calculated
as:
ln[dT /dt]o = ln(QA/c) 2 E/RTo (5)
Inserting our values of the quantities (see Appendix 1)
gives:
ln[dT /dt]o = 21.03 2 (12028/To) (6)
Now this equation is drawn as a dashed line in Figure 2, and
it can be seen that this passes through the points in the ® gure
for the later experiments, which display lower reactivity
than the earlier ones.
The solid line has been drawn by eye judgement through
the points for October 1997. In Appendix 2 kinetic
parameters are determined from this line as 95 kJmol 2 1
for E and 1.1 ´ 105 s 2 1 for A. They are very close to those
for the dashed line in spite of the wide separation of the two
lines, and this is at least partly because minor differences in
the activation energy lead to much larger differences in the
pre-exponential factor. For example, a value of 100 kJmol2 1
for E leads to a value for A of 4.0 ´ 105 s 2 1, and a value of
110kJmol2 1 for E leads to A = 5.6 ´ 106 s 2 1. To this
consideration must be added two further factors already
mentioned: the intrinsic uncertainty in these quantities for a
substrate such as sawdust, because of composition variation,
and the scatter of the data points. These impose an intrinsic
elasticity on kinetic parameters for oxidation of such
substrates; because of this, variations in reactivity such as
are identi® ed from [dT/dt]o measurements cannot be
expressed in terms of differences in these parameters.
Figure 3 is for the sawdust in 6, 10 and 15 cm cubes from
a freshly opened bag. The 10 cm cube experiments were
used in obtaining the critical ambient temperatures in rows
2, 3 and 4 of Table 1. The 6 cm basket experiments were
executed between 18 and 28 November 1997, the 10 cm
between 20 November and 1 December and the 15 cm
between 19 November and 29 November. The line drawn
through the points gives E = 95kJmol 2 1 and A = 0.6´
105 s 2 1, similar to those deduced from Figure 1 and subject
to the same imprecision because of the factors outlined
previously. It is therefore clear from comparison of the two
that over a period of about six weeks of storage in bags with
frequent disturbance for removal of quantities for experi-
ments there is no discernible drop in reactivity because of
exposure to air.
In order to address this point more fully some sawdust
was taken from the third storage bag and spread thinly on
trays with frequent deliberate disturbance for a week, in
order to challenge the substrate to preoxidize. Heating tests
on this were subsequently performed during the period 11 to
17 December 1997. The critical ambient temperature is
given in the ® nal row of Table 2. In Figure 4 the results are
presented as ln[dT /dt]o against 10
3K/To. The two lines from
Figure 2Ð the upper ® tting the October data points and the
lower ® tting equation (6)Ð are reproduced in Figure 3, and
the data points lie close to them. There is no evidence that
there has been any loss of reactivity due to the exposure to
air.
Concluding Remarks Apropos of the Reactivity
Variations
At the level of direct measurements of the quantity
[dT/dt]o, signi® cant variations in thermal behaviour
between different sub-samples of bulk sample of sawdust
are observable. However, because of composition variation
the kinetic parameters for oxidation of such substrates,
especially the pre-exponential factor, are subject to a very
signi® cant plus or minus no matter how carefully they are
determined experimentally. Because of this it is not
possible to express intra-sample reactivity variations in
terms of the kinetic parameters. The critical ambient
temperature measured in the traditional way displays only
a small drift and there is no evidence that exposure to air
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Figure 3. Plot of {ln[dT/dt]o/K h2
1} against 103K/To for sawdust in three sizes of cubic container.
for a period of a week causes loss of reactivity by
preoxidation.
One important further point needs to be made. With
bituminous coals as substrates6, the method of determining
[dT/dt]o and plotting according to equation (2) gave good
straight lines from which precise values of the kinetic
parameters could be obtained; there was none of the
excessive scatter evident in the corresponding plots for
sawdust. These materials therefore do not have the intrinsic
variability in reactivity that sawdust has, and this must be at
least partly due to their relatively low level of reactivity
towards oxidation and/or decomposition at storage tem-
peratures. This is re¯ ected in the fact that sawdust is a
signi® cantly greater spontaneous combustion hazard than
bituminous coals. In spite of these contrasts, the reprodu-
cibility of a critical ignition temperature determination is
about the same for the two types of substrate.
APPENDIX 1Ð CALCULATION OF THE PRE-
EXPONENTIAL FACTOR A FROM A CRITICALITY
DATA POINT
The relevant equation is:
dcrit =
r2oQEjA exp[ 2 E/R(To)crit]
kR(To)
2
crit
(A1.1)
where:
To = critical ambient temperature, K;
ro = reactant dimension, m;
j = bulk density, kgm 2 3;
k = thermal conductivity, Wm 2 1K 2 1.
Other symbols as de® ned in the main text. The data point
from the earlier work used in calculatingA is for the `in® nite
cylinder’ of diameter 6.8 cm, for which:
ro = 0.034m;
(To)crit = 460.5K;
dcrit = 2.0.
Also:
E = 100 kJmol 2 1 (reported previously);
Q = 17MJ kg 2 1 (literature value).
Now (k/j) = ac, where a = thermal diffusivity, m2 s 2 1,
and c = heat capacity, J kg2 1 K2 1.
In work to be reported separately the thermal diffusivity
of the sawdust at the density used in the ignition
experiments has been measured by an established technique
as 2 ´ 10 2 7 m2 s 2 1. A literature value for the heat capacity
of wood is 2000 J kg 2 1K 2 1.
Rearranging equation (A1.1) and inserting all of the
above gives:
A = 1.6 ´ 105 s 2 1
APPENDIX 2Ð CALCULATION OF THE KINETIC
PARAMETERS FROM THE LINE DRAWN
THROUGH THE DATA POINTS FOR THE
OCTOBER EXPERIMENTS IN FIGURE 1
The slope of this line gives 95 kJmol 2 1 for the activation
energy E. The point for the spherical basket obtained on 17
October, through which the line passes, is used as a basis for
calculating the kinetic parameters:
c[dT /dt]o = QA exp[2 E/RTo] (see main text)
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Figure 4. Plot of {ln[dT/dt]o/K h 2
1} against 103K/To for sawdust in a 10 cm cube container, the substrate having been challenged to preoxidize. Numbers
adjacent to the points are the order in which the experiments were carried out.
Putting
E = 95 kJmol2 1
[dT/dt]o = 40K h2
1 (0.0111K s 2 1)
To = 455K
together with the same values of Q and c that were used
previously, and rearranging gives:
A = 1.1 ´ 105 s 2 1
REFERENCES
1. Jones, J. C. and Puignou, A., 1998, Realization of the three class A
geometries in heating tests on a cellulosic material, Trans/IChemE, 76
(B1): 14±18.
2. Gray, B. F., Grif® ths, J. F. and Hasko, S. M., 1984, Spontaneous
ignition hazards in stockpiles of cellulosic materials: criteria for safe
storage, J of Chem Tech and Biotech, 34A: 453±463.
3. Bowes, P. C., 1984, Self-Heating: Evaluating and Controlling the
Hazards (Elsevier, Amsterdam).
4. Jones, J. C., Chiz, P. S., Koh, R. and Matthew, J., 1996, Continuity of
kinetics between sub- and supercritical regimes in the oxidation of a
high-volatile solid substrate, Fuel, 75: 1733±1736.
5. Jones, J. C., 1997, Dif® culties with standard tests to predict shipping
hazards with coals and carbons, J of Fire Sciences, 15: 175±179.
6. Jones, J. C., Henderson, K. P., Littlefair, J. and Rennie, S., 1998,Kinetic
parameters of oxidation of coals by heat-release measurement and their
relevance to self-heating tests, Fuel, 77: 19±22.
ADDRESS
Correspondence concerning this paper should be addressed to Dr J. C.
Jones, Department of Engineering, University of Aberdeen, Fraser Noble
Building, King’ s College, Aberdeen AB24 3UE, UK. E-mail: J.C.Jones
@eng.abdn.ac.uk.
The manuscript was received 28 November 1997 and accepted for
publication after revision 26 March 1998.
210 JONES and PUIGNOU
Trans IChemE, Vol 76, Part B, August 1998
